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Microvascular and tubulointerstitial injury associated with chronic hypertension [2]. However, recent studies have sug-
hypoxia-induced hypertension. gested that the induction of preglomerular arteriolar dis-
Background. Rats submitted to chronic hypoxia develop hy- ease can lead to persistent hypertension, especially inpertension that persists despite cessation of the hypoxia or
the presence of a high salt diet [3]. The mechanism iscorrection of the hematocrit. We examined whether chronic hy-
thought to be mediated by ischemia of the outer medullapoxia might induce subtle renal injury since studies in other
animal models of hypertension suggest this may cause persis- and juxtamedullary cortex, resulting in a local inflamma-
tent hypertension. tory response that alters the local vasoconstrictive/vaso-
Methods. Chronic hypoxia was induced in rats by placement
dilator balance favoring sodium retention [3]. This path-in a hypobaric chamber for up to 24 days. Blood pressure and
way has been shown in a variety of animal models,kidney biopsies were performed at baseline, 6 hours, 24 hours,
and 24 days of hypoxia. including that induced by transient infusion of angioten-
Results. Chronic hypoxia induced hypertension and erythro- sin II, l-arginine analog N-nitro-l-arginine methyl ester
cytosis at 24 days. Acute hypoxia was associated with endothe- (L-NAME) (a nitric oxide synthesis inhibitor), and cyclo-lial cell swelling in arterioles (6 and 24 hours), followed by thick-
sporine [4–6].ening of the arterioles at 24 days. Subtle tubulointerstitial injury
Vaziri and Wang [7] recently reported a new modeland inflammation occurred and was progressive. The influx of
macrophages increased steadily over the 24 days and was asso- of chronic hypertension induced by systemic hypoxia
ciated with a progressive increase in interstitial collagen III using hypobaric chambers. Specifically, rats maintained
deposition. Hypoxia was associated with increased tubular ex-
in a hypobaric chamber (at 1⁄2 atmosphere) for 24 dayspression of osteopontin as early as 6 hours, the same period
develop hypertension that persists despite correction ofwhen an increase of proximal tubular cell proliferation oc-
curred. Interstitial cell proliferation peaked twice, at 6 hours the polycythemia and return to normoxic conditions. We
and at 24 days. Glomerular hypertrophy was manifest at 24 days. hypothesized that the persistence of hypertension in this
Conclusion. Both afferent arteriolar disease and subtle tu- model might be due to the development of microvascularbulointerstitial inflammation and injury occur early in hypoxic
and renal injury. We therefore examined the renal tissuesrats. These changes may predispose these animals to persistent
hypertension. of rats maintained in hypoxic chambers at different time
points up to 24 days.
Goldblatt [1] suggested that the pathogenesis of essen-
METHODStial hypertension is due to primary disease of the renal
Male Sprague-Dawley rats (Charles River, Wilming-arterioles (arteriolosclerosis), and that this would lead
ton, MA, USA) weighing 220 to 320 g were used in theseto renal ischemia and an increase in blood pressure. This
experiments. Rats were allowed free access to food (Pur-hypothesis was largely discarded because many investi-
ina Mills, Inc., Brentwood, MO, USA) and water duringgators considered the renal changes to be secondary to
the study period. The animals were placed in a hypobaric
chamber in which the air pressure was kept at 390 mm HgKey words: hypoxia, arteriolosclerosis, glomerular hypertrophy, hyper-
tension, interstitial disease. using a continuous vacuum pump and an adjustable in-
flow valve. The interior of the chamber was maintained
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group was kept under hypobaric conditions for 6 hours with the combination of periodic acid and Schiff’s re-
agent, and proximal tubules identified by the presence(group 6 hours), 24 hours (group 24 hours) and 24 days
(group 24 days), respectively. A control group comprised of brush border.
eight rats sacrificed at baseline (control).
Quantification of morphologyArterial blood pressure was measured using a tail sphyg-
momanometer (Harvard Apparatus, South Natick, MA, All quantification was performed blinded.
USA) at baseline (day 0) and at various time points dur-
Afferent arteriolopathying the study. Blood samples were obtained by orbital
sinus puncture under light anesthesia at appropriate in- Only vessels adjacent to glomeruli in the outer cortex
were selected. Afferent arterioles were distinguishedtervals. Serum creatinine was measured by a kit from
Sigma Chemical Co. (St. Louis, MO, USA), according from efferent arterioles by the presence of an internal
elastic lamina and by thin, flattened endothelial cells.to manufacturer’s protocol. Serum uric acid was mea-
sured by a modified phosphotungstic acid method [8]. Using immersion fixed tissue, afferent arteriolar wall
thickness was measured by computer image analysis by
Renal histology a blinded observer. For each arteriole, the outline of the
vessel and its internal lumen (excluding the endothe-Renal biopsies obtained at sacrifice were fixed in methyl-
carnoys, 10% formalin, or Bouin’s fixative and embed- lium) was generated using computer analysis to calculate
the total medial area (outline  inline), in a minimumded in paraffin. Sections (4 m) of methyl-Carnoy fixed
tissue were stained with periodic acid-Schiff (PAS) re- of 12 arterioles per biopsy. Vessels that were cross-sec-
tioned or not sectioned transversally, providing an asym-agent or analyzed by indirect immunoperoxidase staining
with the following primary antibodies: goat anti-osteo- metrical wall, were excluded from the present study [9].
Tubulointerstitial injury score (0 to 5) was based on PASpontin (OP199, a gift from C. Giachelli from the Univer-
sity of Washington), monoclonal mouse anti-rat macro- staining as previously described [10].
phage and monocyte (ED-1) (Serotec, Haleigh, NC, USA),
Glomerular hypertrophygoat anti-human type III collagen (Southwestern Bio-
tech, Birminghan, AL, USA), monoclonal mouse anti- Glomerular tuft area in the outer cortex was measured
by computer image analysis (Optimas V6.2, Media Cy-alpha smooth muscle actin (-SMA) (IA4, Sigma Chemi-
cal Co.) and mouse monoclonal antibody to a 70 kD bernetics, Silver Springs, MD, USA). Only glomeruli
with an intact vascular pole were considered for analysis.antigen expressed by rat endothelial cells (JG-12, a gift
from Dontscho Kerjaschki from the University of Vi- Tubular expression of osteopontin (OPN) was calcu-
lated as the percent of renal cortex and medulla occupiedenna). Sections were incubated with a secondary anti-
body followed by horseradish peroxidase–conjugated av- by OPN-positive tubules. Utilizing computer image anal-
ysis, the percent of area occupied by OPN-positive tu-idin D (Vector Laboratories, Burlingame, CA, USA),
diaminobenzidine (DAB) (Sigma Chemical Co.) with or bules per 4 mm2 field at a magnification of 50 was
measured and the median percent area calculated forwithout nickel chloride as a chromogen, and counter-
stained with methyl green. An irrelevant primary anti- each biopsy [8].
Cortical and medullary macrophage infiltration werebody of the same isotype was used as a negative control.
measured by counting the number of ED-1–positive cells
Detection of proximal and distal tubular in selected 0.01 mm2 grids (20 in the cortex and 10 in
cell proliferation the medulla) at200 magnification. The median number
of macrophages per biopsy was calculated and correctedTo detect cell proliferation, each rat was injected with
10 L/g body weight 5-bromo-2-deoxyuridine (BrdU) to a final value of ED-1–positive cells/mm2.
Cortical and medullary deposition of type III collagen4 hours before sacrifice. Kidney tissue sections under-
went an antigen retrieval step, which comprised boiling were measured by computer image analysis, at50 mag-
nification, and expressed as the percentage of renal cor-in 0.01 mol/L sodium citrate buffer for a total of 10 min-
utes. Sections were then incubated with a murine immu- tex or medulla occupied by collagen III.
Proximal and distal tubular cell proliferation was mea-noglobulin G2a (IgG2a) monoclonal antibody against
BrdU (Cell Proliferation Kit, Amersham Pharmacia Bio- sured by counting the number of BrdU-positive cells
(distinguishing between proximal and distal segments, bytech, Bucks, UK) at room temperature for 60 minutes,
followed by a peroxidase-conjugated goat anti-mouse PAS counterstaining) in 20 sequentially selected 0.1 mm2
grids, in the renal cortex, at 200 magnification, andIgG2a at room temperature for 30 minutes. A black
color was developed using DAB with nickel chloride expressed as the number of cells per mm2. Cortical and
medullary interstitial cell proliferation was measured byas the chromogen. In order to identify and accurately
quantify proximal versus distal tubular epithelial cell counting the number of BrdU-positive cells in 20 sequen-
tially selected 0.1 mm2 grids in renal cortex and 10 inproliferation and apoptosis, slides were counterstained
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for alpha actin, the arteriolar smooth muscle cells ap-
peared normal during the first 24 hours; however, an
increase in -SMA staining was observed at 24 days
consistent with the increased arteriolar thickness mea-
surements (Table 2). An increase in BrdU-positive cells
was not appreciated in the arterioles, but an increase in
BrdU-positive cells was observed in the interlobular and
arcuate arteries at 24 days.
Hypoxia was associated with the development of early
and subtle interstitial inflammation
Despite the normal appearance of kidneys by PAS
staining at 24 hours and 24 days, careful examination
showed subtle tubulointerstitial inflammation. A signifi-
cant influx of macrophages was noted by 24 hours in
both the cortex and medulla and was further increased
Fig. 1. Time course of systolic blood pressure in rats exposed to sys- at 24 days (Table 3). OPN, a macrophage adhesive factor,
temic hypoxia. Hypertension was noted as early as 4 days, and increased was increased in both cortical and medullary tubules
progressively thereafter. Symbols are: (), control; (), hypoxia. *P 
as early as 6 hours. The presence of macrophages was0.05 vs. control.
associated with an increase in the interstitial type III
collagen deposition at 24 days (Table 3).
Tubular and interstitial cell proliferation occurs as anrenal medulla, at 200 magnification, and expressed as
early response to hypoxiathe number of cells per mm2.
The number of proliferating BrdU-positive cells was
Statistical analysis significantly increased in both proximal and distal tubu-
Data are expressed in mean  standard deviation. lar segments following 6 hours of hypoxia (Table 4).
Groups were compared by analysis of variance (ANOVA) However, while the number of positive distal cells re-
with appropriate corrections for multiple comparisons. turned toward normal levels after 24 hours of hypoxia,
Statistical significance was considered if P  0.05. the proximal tubular cell proliferation remained in-
creased at 24 hours. Interstitial cell proliferation peaked
at 6 hours. The specific type of interstitial cells that wereRESULTS
proliferating was not identified (Table 4).
Chronic hypoxia induces hypertension, erythrocytosis,
and hyperuricemia in rats
DISCUSSIONRats maintained in hypobaric hypoxic chamber were
In this study, we have investigated the renal changeshypertensive by 4 days, with blood pressure increasing
that occur with chronic hypoxia-associated hypertension.progressively thereafter (Fig. 1). Hematocrit was ele-
Our major findings were that hypoxia was associatedvated at 24 days. Serum uric acid was increased as early
with the development of glomerular hypertrophy, anas 24 hours, and was further increased at 24 days. No
arteriolopathy of the afferent arteriole, and mild tubulo-changes in renal function were observed, as reflected by
interstitial inflammation and fibrosis. Accompanying theserum creatinine (Table 1).
tubulointerstitial inflammation was a modest prolifera-
Chronic hypoxia is associated with afferent tion of proximal and distal tubular cells.
arteriolopathy and glomerular hypertrophy The first changes noted at 6 hours were primarily con-
fined to the tubulointerstitium, with an increase in tubu-Chronic hypoxia was associated with the development
of glomerular hypertrophy and arteriolar thickening that lar cell proliferation, OPN expression, and early macro-
phage infiltration. These inflammatory and proliferativewas manifest at 24 days compared to controls (Fig. 2 and
Table 2). The afferent arterioles showed an increase in changes occurred before any change in blood pressure,
serum creatinine, or serum uric acid. It is likely that thesemedial afferent arteriolar area, suggesting the occurrence
of vascular remodeling. Acute hypoxia (6 and 24 hours) changes are mediated by hypoxia. It is known that the
outer medulla of the kidney is particularly vulnerable towas associated with some endothelial swelling in the ar-
terioles (as demonstrated by prominent cytoplasm when ischemic injury as it is normally borderline hypoxic due
to the countercurrent circulation and the high metabolicendothelial cells were stained with the JG-12 antibody)
that resolved by day 24 (Fig. 2). In contrast, when stained demands of the tubules (medullary thick ascending limb
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Table 1. Chronic hypoxia induces hypertension, erythrocytosis, and hyperuricemia
Baseline 6 hours 24 hours 24 days
Number of rats 8 8 8 8
Blood pressure mm Hg 1234.3 1214.5 1263.9 1957.4a,b,c
Hematocrit % 47.51.1 46.20.5 47.60.7 67.52.6a,b,c
Serum creatinine mg/dL 0.690.13 0.750.13 0.680.22 0.860.22
Serum uric acid mg/dL 0.981.0 1.040.8 2.00.42a,b 3.211.0a,b,c
a P  0.05 vs. baseline; b P  0.05 vs. 6 hours; c P  0.05 vs. 24 hours
Fig. 2. Glomerular and arteriolar changes induced by hypoxia. Shown are periodic acid-Schiff (PAS)-stained sections of glomeruli at baseline
(A), 24 hours (B), and 24 days (C ), and sections stained for endothelial cells with the JG-12 antibody at baseline (D), 24 hours (E), and 24 days
(F ) of hypoxia. Glomerulomegaly is present at 24 days (C). Arteriolar changes (arrows) consist of early endothelial cell swelling (E) and endothelial
prominence (B) at 24 hours, followed by arteriolar thickening at 24 days (C).
Table 2. Chronic hypoxia is associated with afferent arteriolopathy and glomerular hypertrophy
Baseline 6 hours 24 hours 24 days
Glomerular tuft area lm2 7659.1467.5 7295.9474.1 7391.2224.1 8730.6692.4a,b,c
Afferent arteriolar area lm2 119.27.4 127.014.7 129.65.4 147.311.9a,b,c
aP  0.05 vs. baseline; b P  0.05 vs. 6 hours; c P  0.05 vs. 24 hours
and S3 segment of the proximal tubule) [11]. In turn, tubular cell proliferation in response to hypoxia. Impor-
tantly, the early renal changes observed at 6 and 24 hourshypoxia is known to be a potent stimulus for tubular
and interstitial cell proliferation in vitro and for OPN cannot be ascribed to the effects of hypertension as they
precede its development.expression [12–14]. It is interesting that the OPN expres-
sion correlated with the tubular cell proliferation, as The most evident glomerular change that was noted
was a marked increase in glomerular tuft size at 24 days.Sahai et al [15] have reported that OPN mediates the
Mazzali et al: Hypoxia-induced hypertension2092
Table 4. Tubular and interstitial cell proliferation occurs asTable 3. Hypoxia was associated with the development of early and
subtle interstitial injury in cortical and medullary areas an early response to hypoxia
Cortex Baseline 6 hours 24 hours 24 daysBaseline 6 hours 24 hours 24 days
Cortex Interstitial cells 3.50.7 16.73.3a 2.60.8b 9.35.2b
Proximal tubule 1.70.9 14.13.7a 10.83.3a 3.81.5b,cPAS score (TI) 0.050.01 0.150.05 0.100.05 0.300.18
OPN % area 0.460.09 0.750.19a 0.530.10b 0.710.12a,c Distal tubule 2.81.1 7.82.3a 4.62.1b 1.60.8b,c
Medullary tubules 8.60.2 58.610.6a 20.85.7b 15.35.3bED-1/mm2 27.82.8 49.24.2a 58.40.6a,b 70.32.7a,b,c
Col III % area 1.50.07 1.90.1 2.10.03 2.30.5a a P  0.05 vs. baseline; b P  0.05 vs. 6 hours; c P  0.05 vs. 24 hours
Medulla
OPN % median 2.90.4 3.90.6a 3.70.8b 5.00.8a,b,c
ED-1/mm2 39.01.4 52.815.8 78.43.4a 93.69.0a,b
Col III % area 3.60.4 4.71.4 5.20.7 5.70.8a
proliferation. In addition, hypoxia itself can induce vas-Abbreviations are: PAS, periodic acid-Schiff; OPN, osteopenia; Col III, colla-
gen type III. cular smooth muscle cell proliferation [21].
a P  0.05 vs. baseline; b P  0.05 vs. 6 hours; c P  0.05 vs. 24 hours
While the arteriolopathy and interstitial fibrosis noted
at 24 days are likely the consequence of the systemic
hypoxia, it is not clear if they represent the direct effects
of hypoxia or whether they are secondary to the effects ofIt is known that persons exposed to chronic hypoxia
hypoxia to induce hypertension, polycythemia, or even(such as patients with congenital cyanotic heart disease
alterations in systemic pH. An additional possibility isand subjects chronically living at high altitude) develop
that the increase in uric acid that occurs with hypoxiaglomerulomegaly [16, 17]. The mechanism for this hyper-
may be involved in the renal changes. Recently, we havetrophic response is not known, but may relate to in-
reported that mild hyperuricemia in rats induces hyper-creases in glomerular hydrostatic pressure in association
tension, glomerular hypertrophy, mild tubulointerstitialwith the increase in filtration fraction that occurs with
inflammation and fibrosis, and arteriolopathy [9, 22–24].erythrocytosis [18].
We have also reported that subjects chronically exposedOne of the more striking findings was the thickening
to high altitude develop erythrocytosis, hypertension,of the afferent arteriole. The earliest changes involve the
and hyperuricemia, and evidence of mild renal injury (asvascular endothelium, often with encroachment of the
manifested by microalbuminuria) [25]. The mechanismcapillary lumen. However, over time the most prominent
by which uric acid induces these changes appears tochange was that of thickening of the afferent arterioles,
involve activation of the renin-angiotensin system andwhich by immunostaining appeared to be due to an in-
direct stimulatory effects of uric acid on vascular smoothcrease in -actin–positive smooth muscle cells.
muscle cells [9, 22–24].The thickening of the afferent arteriole, coupled with
the tubulointerstitial changes, might have a role in the
persistence of hypertension in this animal model [7]. We CONCLUSION
have recently shown that similar structural changes can We have documented that chronic hypoxia can induce
predispose animals to persistent hypertension in other microvascular (arteriolopathy), glomerular (hypertro-
experimental models [3]. Thus, in models of renal injury phy), and tubulointerstitial (inflammation and fibrosis)
such as that induced by infusing angiotensin II, we were changes in the kidney. These changes may predispose
able to show that the development of preglomerular these animals to the persistent hypertension that they
arteriolopathy and tubulointerstitial inflammation pre- are known to develop. This could be potentially relevant
dispose animals to salt-sensitive hypertension even after to humans at high altitude who develop hypertension
the angiotensin II infusion has been stopped [4]. It is [25]. Further studies are necessary to investigate the
thus of interest that Vaziri and Wang [7] have shown mechanisms involved in chronic hypoxia-induced renal
that hypertension is also persistent for up to 84 days injury, and the consequences of these renal structural
changes on long-term blood pressure control and saltin this model after discontinuing use of the hypobaric
sensitivity.chamber. This hypoxia-induced hypertension was not
due to erythrocytosis since it occurred in iron-deficient
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